Introduction. -Numerical simulation of multiphase flow is one of the most successful applications for the lattice Boltzmann method (LBM) [1] [2] [3] [4] . Originating from the cellular automaton concept and kinetic theory, the intrinsic mesoscopic properties make LBM outstanding to model complex fluid systems involving interfacial dynamics [5] [6] [7] and phase transitions [3, 4] . Shan and Chen proposed the widely-used pseudopotential LBM, in which the intermolecular force is mimicked by a density-dependent interparticle potential [8] . However, theoretical analyses showed that its mechanical stability solution agrees with thermodynamics only if the effective mass takes the strict functional form ) / exp( ) (
, where  is the density, 0  and 0  are the reference density and effective mass, respectively [8, 9] . Thus, the model is indeed thermodynamically inconsistent, no matter the most commonly used functional form ) / exp( 1 ) (
or the subsequent
is employed, where p is the pressure given by an equation of state, G is a factor to ensure that the whole term inside the square root is positive [8] [9] [10] [11] [12] . This inconsistency was also clearly presented by the deviations between the numerical two-phase coexistence densities and the predictions from the Maxwell equal-area construction [10, 12, 13] . Recently, Li et al. [12] proposed a forcing term scheme and Khajepor et al. [14] proposed a multipseudopotential interaction to achieve thermodynamic consistency. However, a fitting procedure is necessary in both of the two schemes for adapting a specific equation of state (EOS) [3] . The Shan-Chen model was also improved for the simulations with large density ratio and high stability [15, 16] . Swift et al. proposed a free-energy-based multiphase model by incorporating a nonideal thermodynamic pressure tensor into the second equilibrium moment [17] . Inamuro et al. used an asymptotic analysis to make up the lack of Galilean invariance and extended the model to simulate multiphase flows with large density ratio [18, 19] . Zheng et al. correctly recovered the Cahn-Hilliard equation to capture the phase interface and Shao et al. further considered the effect of local density variation in the momentum equation [20, 21] . Wang et al. proposed a multiphase lattice Boltzmann flux solver for incompressible multiphase flows with large density ratio and high Reynolds number [22, 23] . Typically, these models utilize two kinds of distribution functions, one evolves the pressure and velocity field by the standard lattice Boltzmann equation and the other captures the phase interface by the Cahn-Hilliard equation. Recently, wen et al. directly computed the nonideal force from the free energy and proposed a multiphase flow model, which satisfies thermodynamics and Galilean invariance [13] . A similar nonideal force evaluation was also used in the entropic lattice Boltzmann method [24] .
Chemical potential (CP) is the partial molar Gibbs free energy at a constant pressure [25] . Some studies of multiphase flows applied chemical potential to present the phase equilibrium condition and obtain the density profile along the interfacial normal direction when the bulk free energy density took the simplest double-well form [20, 25, 26] . However, both the Onsager and Stefan-Maxwell formulations of irreversible thermodynamics recognize that the chemical potential gradient is the driving force for isothermal mass transport [27, 28] Theory and model. -Considering a nonideal fluid system, the free-energy functional within a gradient-squared approximation is [13, 17, 29] 
where the first term is the bulk free-energy density at a given temperature with the density  and the second term gives the free-energy contribution from density gradients in a inhomogeneous system. The free energy function in turn determines the diagonal term of the pressure tensor
with the general expression of equation of state (EOS)
The full pressure tensor can be written as
where   is the Kronecker delta function. The excess pressure, namely the nonideal force, with respect to the ideal gas expression can be directly computed [9, 13] 
where
is the ideal-gas equation of state. The nonideal force evaluation is thermodynamic consistent and Galilean invariant [13] .
The above multiphase model is directly derived from thermodynamics; however, the evaluation of the pressure tensor and its divergence has high complexities of time and space. Moreover, pressure tensor cannot be conveniently used to express the wettability of a solid surface. Here, we introduce a chemical potential to evaluate the nonideal force. For a van der Waals fluid, the chemical potential can be derived from the free-energy density function [20, 25, 29] )
Thus, the chemical potential is computed by the density and free-energy density
From Eq. (2) and (4), we can see
Substitution of Eq. (3) into Eq. (9), the partial derivative of the pressure tensor is written as
Taking Eq. (8) and after some simple manipulations, a graceful relationship between the divergence of the pressure tensor and the gradient of the chemical potential can be
Substituting Eq. (11) into Eq. (5), the nonideal force can be evaluated by the chemical potential in a simple form
Then, the nonideal force is incorporated into the lattice Boltzmann equation (LBE), which is fully discretized in space, time and velocity. Several collision operators distinguish the variants of the LBE, such as the single-relaxation-time model [30] [31] [32] , the multiply-relaxation-time model [33] , the two-relaxation-time model [34] , the entropic lattice Boltzmann equation [35] , etc. The single-relaxation-time version can be concisely written as 
where i  is the weighting coefficient and u is the fluid velocity. The nonideal force acts on the collision process by simple increasing the particle momentum in [36] . Correspondingly, the macroscopic fluid velocity is redefined by the averaged momentum before and after the collision
In the above deducing process, it is clear that no specific EOS is presupposed and Eq. (12) 
where C is a constant, but it will not appear in the evaluation of nonideal force below. We select several widely used equations of state and solve their free-energy densities and chemical potentials.
The van der Waals (VDW) EOS is the most famous cubic EOS
where R is the universal gas constant, a is the attraction parameter and b is the volume correction. The free-energy density and chemical potential are obtained by solving Eq. (8) and (15) 2 ) 1 ln(
and
The Redlich-Kwong (RK) EOS is generally more accurate than the van der Waals EOS by improving the attraction item
The Soave modification (RKS) involves a more complicated temperature function,
, where  is the acentric factor. Both equations share the same expression of free-energy density and chemical potential,
The Peng-Robinson (PR) EOS is often superior in predicting liquid densities, 
where the temperature function is
. Its free-energy density and chemical potential are
. (24) The Carnahan-Starling (CS) EOS tends to give better approximations for the repulsive term 2 3
whose free-energy density and chemical potential are
In the following simulations, the attraction parameter and the volume correction Chemical-potential boundary condition. -Chemical potential, which has a clear physical meaning, is a more effective way to express the wettability of a solid surface than density or effective mass (i.e. pseudopotential) [8, 9, 37, 38] . An external chemical potential was once used at the surfaces of a confined system to study wetting [17] . In present study, since the multiphase model is driven by chemical potential, the implementation of the chemical-potential boundary condition is simple and quite natural. Endowing a solid surface with a specific chemical potential, the wettability, namely the interaction between the fluid and the solid, can be easily evaluated. Let's locate the straight interface of fluid and solid on a row of lattice nodes (y=1), which are treated as fluid nodes. The distribution functions on these interfacial fluid nodes still collide and stream. The bounce-back boundary condition is applied to make up those distribution functions from the solid. The densities of the solid nodes (y=0) must be estimated in order to evaluate the nonideal force on the interfacial fluid nodes.
They are only used in the calculation of the density gradient in Eq. (8) . A simple weighted average scheme based on the neighbor fluid nodes is used here
The wetting property of the solid surface is expressed by a chemical potential, which is assigned to the solid nodes (y=0) and acts on the gradient of chemical potential in 
Dy
. The density field is initialized as follows [11, 12] : To illustrate different surface wettability, a sessile drop on a solid surface with specified chemical potentials is simulated by using RKS EOS. relationships between the contact angle and the controlled variables are curvilinear [9, 39] , a linear-tunable contact angle is very convenient to adjust the wettability of the solid surface. 
